In this ongoing study, indoor environment, production performance, egg quality, and some welfare aspects of laying hens in two commercial aviary houses installed with light-emitting diode (LED) lights are compared with those in two aviary houses of similar hen age with fluorescent (FL) lights. To date the study (covering 18 -44 weeks of hen age) shows the following preliminary results. The daily mean temperature and relative humidity (RH) in all houses were generally maintained within 20-25°C and 50-80%, respectively. The holders of LED and FL light bulbs had similar temperatures, approximately 40°C. There were no significant differences in hen production performance parameters between the LED and FL houses. Egg weight, yolk weight, yolk percentage and yolk color factor increased as hen age increased. The Haugh unit (HU) values of fresh eggs in all four houses at 27 and 40 weeks of age were 90 or higher, i.e., much greater than the "AA grade" egg threshold of 72. 
Introduction
Lighting is a crucial factor affecting laying hen egg production, behavior, and well-being. Egg production is affected by lighting through a series of physiological processes (Huber-Eicher et al., 2013) . Chickens have two light receptors, one is located in the retina and the other in the hypothalamus (Davies et al., 1975) . Light can reach the receptor in the hypothalamus by penetrating the skull or transiting through the optic nerves attached to the retina. In response to lighting conditions (e.g. diurnal patterns, intensity, spectrum), the hypothalamus produces gonadotropin-releasing hormone (GnRH), which is transported through the pituitary portal and stimulates follicle-stimulating hormone (FSH) and luteinizing hormone (LH) secretion at anterior pituitary. Follicle-stimulating hormone and LH reach the chicken's ovaries through blood circulation, promoting follicle development and maturation (Oliver et al., 1982; Kuenzel, 1993) . Lighting intensity and spectrum have been shown to influence hen behavior (e.g. pecking, cannibalism, piling) which directly impacts to hen well-being (Hughes et al., 1972; Blokhuis, 1989; Vestergaard, 1994; Savory, 1995) .
Nowadays, fluorescent (FL) lighting is widely used in poultry houses in the U.S. due to their better energy efficiency and extended lifespan than incandescent lighting. However, FL light bulbs are subject to luminance declines over time (i.e., lamp lumen depreciation, LLD) and are sensitive to power fluctuations. These problems make it difficult to maintain uniform light intensity within poultry houses and throughout production cycles. Furthermore, the environmental hazard of disposed FL light bulbs is a concern. Compact FL light bulbs contain mercury which is an environmental hazard risk and requires special disposal handling. Compared to FL lights, light emitting diode (LED) lights have a better energy efficiency, longer expected operating life (100,000 h of operation), greater moisture resistance, and selectable spectra (Craford, 1985) . These advantages stimulate the interest of using LED lighting in commercial poultry housing.
Previous research related to LED lighting focused on the effects of light wavelength, intensity and photoperiod on laying hen and broiler productivity and behaviors. Min et al. (2012) compared egg quality of hens under incandescent light and white, blue, red LED lights; and their results indicated that red LED lights significantly increased the thickness of eggshell compared to incandescent lights. Further research of red LED lighting showed reduced hen aggressiveness and accelerated sexual development (Huber-Eicher et al. 2013) ; increased ovary stroma, and ovarian follicle numbers (Hassan et al., 2013) ; reduced egg weight (Er et al., 2007) ; and increased egg production (Borille et al., 2013) . Rozenboim et al. (1998) studied the effects of light intensity on laying hens and reported reduced feed consumption when light intensity was reduced from 0.1 W m -2 (about 68 lux) to 0.01 W m -2 (about 7lux). Most of the previous studies related to LED lights were conducted in lab-scale experiments involving small bird populations. There is little information about LED light and its impact on laying hens as compared to FL light under commercial production settings in terms of hen productivity and well-being. Such information will aid poultry producers in making sound decisions on lighting selection.
The objective of this study was to compare the effects of LED light and FL light on production performance, egg quality, and animal behavior of laying hens over a single laying cycle (18 -80 weeks of age) in four commercial aviary houses (two with LED lights, and two with FL lights). Each house was populated with approximately 50,000 white laying hens and managed at the same facility. The indoor environment including temperature, relative humidity (RH), and settled dust were also monitored. This paper presents study progress results covering 18 -44 weeks of hen age (July 2013 -March 2014 .
Materials and Methods

Aviary Hen Houses
The experiment was conducted in four aviary houses with the same dimensions (150.8 m long, 21.4 m wide, and 3.0 m high) ( fig. 1 ). Each house had six colony rows, four litter aisles and three service aisles. Each colony row and litter aisle was divided into ten 13.5 m pens along the length by wire mesh screens. The width of two outer litter aisles measured 3.0 m each (including a 1.2 m wide open litter area and a 1.8 m litter area beneath colony row), and the width of two inner ones measured 6.0 m each (including a 2.4 m wide open litter area and two 1.8 m litter areas beneath colony rows).
All houses had identical ventilation systems and were cross-ventilated with 20 exhaust fans installed in one side wall. These fans included four 0.6 m diameter variable-speed fans, four 0.9 m diameter single-speed fans, and twelve 1.3 m diameter single-speed fans. The four 0.6 m diameter fans ran continuously at their maximum capacity, and the other 16 fans were operated on or off to maintain the indoor temperature between 20°C and 25°C. Maximum ventilation capacity was estimated to be 12.2 m 3 h -1 hen -1 (at static pressure of 12.4 Pa), and the minimum capacity was estimated to be 0.5 m 3 h -1 hen -1 , based on fan performance characteristics of BESS Lab and CO 2 mass balance. More detailed description of these aviary houses can be found in the article by Zhao et al. (2013) . 
Hens and Management
The four experimental houses were divided into two pairs, namely, house 1 (H1) and house 2 (H2) as a pair and house 10 (H10) and house 11 (H11) as the other. The experiment started in July 2013 and will conclude in September 2014. Dekalb white laying hens were introduced at 18 weeks of age to the four houses. There were about 52,000 birds placed in H1, H10 and H11, and about 55,000 birds in H2. Due to the production schedule of the commercial facility, bird age had to differ somewhat between the barns. Namely, H1 hens were 3 weeks older than H2 hens, and H10 hens were 2 weeks older than H11 hens. For a production cycle spanning nearly 60 weeks, these 2-3 week age differences were considered non-consequential. For each pair, light arrangement, temperature, RH, light intensity, and management were similar. Photoperiod in each house started at 12 h of light (12 h darkness) and gradually increased to 16 h of light (by 24 weeks of age) which was maintained throughout the rest of the production cycle. In the morning, lights came on gradually starting at 5:45 a.m., and stabilized at 6:00 a.m. In the evening, lights were dimmed down starting at 8:45 p.m., and were completely off at 9:45 p.m. The gradual transition of light intensity was to simulate sunrise and sunset. The hens could get access to litter floor for 9.75 h everyday (from 12:00 p.m. to 9:45 p.m.). The manure belts were run at 6:00 a.m. for 10 min every day, so that one-third of the manure on the belts was removed from the houses. Feed and water were provided ad libitum.
Lighting
Light arrangement
House 1 
Light cover and light control
For the houses with FL lights (i.e., H1 and H11), all light bulbs were covered by glass jars ( fig. 3a ). For the houses with LED lights (i.e., H2 and H10), some light bulbs were covered with glass jars, including the hanging and ceiling light bulbs above the two inner litter areas of H2, and the ceiling light bulbs above the two outer litter areas of H10, while the remaining bulbs were no covered ( fig. 3b) .
Ceiling lights and the hanging lights of the service aisles in each house were controlled separately by three light controllers (Precision Lighting Systems Inc., Hot Springs, AR). All the ceiling lights were controlled by one controller, hanging lights in the east and middle service aisles were controlled by one controller, and the hanging lights in the west hanging aisle were controlled by another controller. 
Light intensity and spectrum
In the four houses, light intensity at 30 cm (height of a standing hen) above litter area was adjusted to the similar level (5-9 lux). Since the light placement at the service aisles differed between house pairs (vertical vs. horizontal), it was impossible to adjust light intensity at a reference point to the same level across all barns. The lights in the service aisles were adjusted to meet the minimum light intensity requirement of 5 lux at the feeder troughs.
The spectra of LED, CCFL and CFL lights were examined at the same light intensity (170 lux) using a light spectrometer (Once Innovation Inc., Plymouth, MN). The CCFL and CFL lights showed a nearly identical spectrum profile ( fig. 4 ), therefor they are both referred to as "FL" without distinction. The spectral profile of the LED light notably differed from those of the FL lights ( fig. 4 ). 
Measurements
Thermal environment, light cover, bulb, neck and holder temperatures, hen production performance, egg quality, dust accumulation rate (DAR), feather condition, and avoidance distance were measured in this experiment. Figure 5 shows the schedules of various measurement events/tasks. Indoor and outdoor temperature and RH were continuously recorded from September 2013 to March 2014 (still ongoing). Light cover, bulb, neck and holder temperatures were measured in November 2013. Hen production performance data were collected from 20 to 44 weeks of age (and continuing). Egg quality was tested at 27 and 40 weeks of age. DAR was evaluated in November 2013 and January 2014. Feather condition and reaction to a moving human test (RMH-test) were tested at 36 weeks of age. Figure 6 shows the sampling locations for different measurements.
Figure 5. Schedules for determining light cover, bulb, neck and holder temperatures, dust accumulation rate (DAR), feather condition (FC), reaction to a moving human test (RMH-test), and egg quality (EQ).
Different dates for RMH-test and EQ test were used to achieve the same hen age. 
Thermal environment
Three portable T/RH data loggers (HOBO Pro/HOBO U23 Pro v2, Onset Computer Co., Bourne, MA) were installed in each house and two data loggers installed outside to continually measure the temperature and RH at 10-min intervals throughout the monitoring period.
Light cover, bulb, neck and holder temperatures
The temperatures of light cover, bulb, neck, and holder of 12 light bulbs (including both ceiling and hanging lights) from H1, H2, and H11 (a total of 36 light bulbs) were measured using an infrared (IR) thermography camera (FLIR Systems, Boston, MA).The IR camera measures the temperature of an object, providing temperature data corresponding to each pixel. For lights with covers, IR thermographs of the light were taken both with covers on and upon removal of the covers. For lights operated without covers, thermographs of the light bulbs were taken as-is. The areas of the thermographs representing light cover, bulb, neck and holder are shown in figure 7. 
Hen production performance
Weekly production performance data were provided by the producer. The data included hen population, egg weight, hen-day egg production, eggs per hen housed, feed use, feed conversion, and mortality.
Egg quality
Fresh egg quality analysis was conducted by testing 100 eggs collected from the six egg conveying belts in each house at 27 (peak-laying period) and 40 (mid-laying period) weeks of age for fresh egg quality analysis. Egg weight, albumen height, yolk color factor, Haugh unit, shell strength, and shell thickness were measured using a Digital Egg Tester (NABEL DET 6000, NABEL Co., Ltd., Nishikujo Minami-ku, Kyoto, Japan). Yolk and albumen weights were measured with two balances (Sartorius Corporation, Bohemia, NY), and percentage of yolk weight (of the total egg) was calculated.
Dust accumulation rate (DAR)
Dust accumulation rate (DAR) was measured by placing three petri dishes on top of the hen colonies along the length of each house ( fig. 6 ) to collect settled dust over a 6-day period. After collection, the as-is weight of dust collected was determined, as well as its dry weight following dried at 105°C for 24 h. In this study, DAR was expressed both on per m 2 -day basis and on per hen-day basis, of the following forms:
Feather condition
Two methods were used to assess the feather coverage condition of the hens, namely, visual scoring and IR imaging. The visual scoring was performed following Welfare Quality Assessment Protocol for Poultry (Welfare Quality, 2009) , whereas the IR imaging was taken for back temperatures of the hens to determine the feather coverage uniformity and relative insulation level.
For visual scoring, three scores were given to three parts (neck and head, back and rump, and belly) of each hen according to the feather condition ( fig. 8a ): score "a" for no or slight wear, score "b" for featherless area < 5 cm, and score "c" for featherless area > 5 cm. An overall score was then determined based on the scores of the three individual body parts, with "0" for all parts receiving "a", "1" for one or more parts receiving "b" but no "c", and "2" for one or more parts receiving "c". The back temperatures of hens in each house were measured using the same IR thermography camera as described earlier ( fig. 8b ). Standard deviation (SD) of the back temperatures reflects the uniformity of the back feather coverage; and temperature differences between the environment and average back temperature of the hen reflects the feather insulation. In each house, 100 birds were randomly chosen throughout the house for visual scoring and 50 birds for IR imaging ( fig. 6 ).
Hen's reaction to moving human
In our experiment hen's behavioral reaction to a moving or approaching human, or RMH-test, was performed to investigate human-hen interaction under the LED vs. FL lights. The test was done following Welfare Quality Assessment Protocol for Poultry (Welfare Quality, 2009) with adaption. According to the protocol, the assessor approaches a group of at least 3 birds in the litter area, squats down for 10 s and then counts the number of birds at arm's length. In our experiment, no birds came within this range; hence it was changed to adapt to our experiment. The assessor walked along the colony row in the service aisle and chose one hen in a colony every time the hen stuck her head out. Then the person approached the selected hen from about 6 m distance at a speed of 1 step s -1 until the hen withdrew her head. The distance between the investigator and the position of the hen prior to head withdrawal was measured, rounded to the nearest 0.05 m, and referred to as the avoidance distance. Avoidance distances of seven birds from two colonies per service aisle were determined (a total of 21 hens per house) ( fig. 5 ). All test hens were chosen form the same tier at waist height of the test person (about 1 m above the ground).
Statistical analysis
All statistical analyses were performed using SAS 9.3 (SAS Institute, Inc., Cary, N.C.). The differences in thermal environment and light temperature in LED vs. CFL houses were analyzed using a t-test. Effects of light type on production performance and egg quality were tested using MIXED and GLIMMIX (if the dependent response varied within 0-1, i.e. yolk weight percentage and weekly mortality in this study) procedures. Feather coverage was tested using MIXED (for IR temperature data) and GENMOD (for visual scoring data) procedures. DAR and avoidance distance as affected by light type ℃ were analyzed using MIXED procedure. In these models, the house is the random factor; hens' age, light type, and house pair are fixed factors.
Results and Discussion
Thermal environment
Daily mean temperature and RH of the four houses and outside air are shown in figure 9 . Indoor temperatures and RH in houses of the same pair were quite similar. The daily mean temperatures in H1 and H2 (pair 1) was 1.1-1.5°C higher than those in H10 and H11 (pair 2). The reason was that the producer intended to stimulate the feed intake in the latter two houses (temperature set point of H1 and H2 = 25.1℃; H10 and H11 = 24.4℃). Generally, the indoor temperature was well maintained above 20°C in wintertime, even on extremely cold days by providing supplemental heat; and the daily mean indoor RH was generally in the range of 50-80%, as summarized in Table 2 . [a] All data are mean ± SD, SD = standard deviation; sample size n = 191. [b] (A/B) A stands for maximum daily mean and B for minimum daily mean. 
Temperatures of light cover, bulb, neck and holder
There are concerns that some (poor quality) LED lights produce so much heat that they may cause fire. Some insurance companies even refuse to insure poultry houses with LED lights. Table 3 shows temperatures of light covers, bulbs, necks and holders of the FL and LED lights. The measured temperatures of the FL and LED lights were below 67°C, meaning overheat is unlikely to occur since the light base can tolerate up to 100°C (personal communication with the producer).
The hanging light covers had similar temperatures among the FL and LED lights. The temperatures of LED light bulbs with covers were lower than that of FL light bulbs with covers. The temperature of LED light bulbs without covers was the lowest among all light bulbs. The LED neck was the hottest part of the light. Neck temperatures of ceiling lights were lower than those of hanging lights. The holder temperatures of CFL were higher than those of CCFL and LED lights. 
Production performance
There were no significant differences in all production performance parameters among the four houses, except for the average weekly mortality of H1 being lower than house 11 (P<0.05) (table 4). Figure 10 provides the weekly data of each production parameter. Table 5 shows the summary of hen production performance over the period of 20-44 weeks of age. Though no statistical significance (except P value of egg production = 0.069, the P values of other parameters ˃ 0.2), the hen-day egg production (HDEP) and eggs per hen housed (EHH) in the FL houses were, respectively, 1.9% and 5 higher than those of the LED houses. Compared with reference values for cage house, the feed conversions were better, the HDEP and EHH were lower, cumulative mortalities and egg weights were higher in the monitored aviary LED and FL houses. The hen population in H2 was about 4,000 more than other three houses ( fig. 10a ), a production decision by the producer. Egg weight increased gradually and stabilized at about 64 g ( fig. 10b ). Egg production increased gradually, hen-day egg production exceeded 90% from 25 weeks of age, and then fluctuated around 95% (figs. 10c and 10d). Feed use increased and feed conversion approached stable after 25 weeks of age. By the end of week 44, the cumulative mortality was 3.16% in H1, 3.39% in H2, 3.62% in H10 and 4.20% in H11 (figs. 10g). Table 6 -1 shows the age effect on egg quality in both lighting types. It can be seen that egg weight, yolk weight, and yolk percentage were significantly higher at 40 weeks than at 27 weeks (P<0.05?). This result was in line with observations by Butcher et al. (2003) and Nestor (1971) who reported older hens tended to lay heavier eggs and yolks, and that the yolk percentage generally increased as hen age increased. Yolk color primarily depends on the intake of plant pigment in the diet. Our results show that yolk color factor value increased in four houses as hen age increased, possibly due to the higher pigment contents in the diets at the 40 weeks of age. The shell strength decreased in both lighting types from 27 to 40 weeks of age. Studies have shown that egg shell strength decreases as hens get older (Butcher et al., 2003; Rodriguez-Navarro, 2002; Rajkumar et al., 2009) . Some researchers explained that the increase in egg weight is not accompanied by a proportional increase in shell weight so that the ratio of shell weight to egg weight decreases; and this might be the reason that shell strength decreased with age (Butcher et al., 2003) . The Haugh unite (HU) has been accepted as a measure of the quality of albumen and also of the whole egg (Eisen et al., 1962) . According to the USDA standards (2000), egg quality is classified into three grades in terms of HU, namely, AA (HU≥72), A (72˃HU˃60) and B (HU≤60). In our experiment, the mean HU values of eggs in all the houses were 90 or higher, i.e., all AA grade eggs. Kato et al. (1970) reported that the HU value of fresh eggs decreased with increasing age of the hen. In our experiment, the mean HU values significantly decreased from 93.5±0.26 at 27 weeks to 91.6±0.35 (P < 0.05) at 40 weeks in LED houses; however, the HU values for the two laying periods were not significantly different in FL houses (P=0.38). Table 6 -2 shows the light effect on egg quality at 27 and 44 weeks of age. Some egg quality parameters were better in the LED houses than in the FL houses. At 27 weeks of age, egg weight, albumen height, HU, albumen weight and yolk weight for the LED houses were higher than those for the FL houses. At 40 weeks of age, only shell strength was found higher in the LED houses than in the FL houses. 
Egg quality
Dust accumulation
In the aviary house system, dust production was mainly affected by hen activities on the litter floor (Nielsen et al., 2003 , Cambra-López et al., 2010 , Zhao et al., 2014 . Light management can affect animal activity (Calvet et al., 2009) . In this study, we used the settled dust as an indicator to the intensity of hen activities. There was no significant difference in DAR between different dates or light types. Therefore, it seems that the hen activities were not affected by the lighting type of LED vs. FL at the intensity used in the study. 
Feather condition
Light may affect feather pecking (Klein, 2000) , thus the feather condition (Bilcik et al., 1999) . We examined the feather conditions under LED and FL lights at 36 weeks of age. In general, back and rump feathers were more vulnerable to wear compared to feathers of other body parts ( fig. 11) , possibly because the back and rump received the most pecks (Bilcik et al., 1999) . Based on the GENMOD procedure analysis, LED light resulted in worse feather condition in back and rump compared to FL (P<0.05). The feather conditions at head and neck, belly parts were not affected by light type. Table 8 shows the overall feather scores of the hens. The hens in LED houses had worse feather coverage than those in FL houses (P<0.05). [a] Score 0, 1, 2 represent the overall feather condition of laying hens, with score 0 being good, score 1 moderate, and score 2 bad feather condition. Table 9 shows the back temperature of the laying hens, determined using by the IR imaging. The standard deviations (SD) of back temperatures in H1 had the most uniform back feather coverage while H2 had the worst. No difference was observed between H10 and H11. Hens in FL houses had the more uniformed back feather coverage than those in LED houses. [a] All the data except for indoor air temperature are mean ± SE. Indoor air temperature is the mean of the feather evaluation hours. In the same row, means with different letters are significantly different (P < 0.05).
Combining the results of feather condition scoring and IR imaging, hens in H2 seemed to have the worst feather condition. The larger population of laying hens in H2 compared to other three houses might have been the main cause for this outcome. Similarly, Hughes et al. (1972) , El-Lethey et al. (2000) , and Shimmura et al. (2008) reported that larger groups led to higher chance for feather damage of hens. LED light seemed to negatively affect uniformity of back feather of hens. Table 10 shows hen avoidance distance from the RMH-test at 36 week of age. There was no significant difference in the median (Graml et al., 2008) 
Human-animal interaction
Preliminary Observations to Date
This research is investigating the impact of light-emitting diode (LED) and traditional fluorescent (FL) light (cold cathode florescent light and compact florescent light) on laying hens in four commercial aviary hen houses. Thermal environments (indoors and ambient), temperatures of the LED and FL lights, hen production performance, egg quality, dust accumulation rate (DAR), feather condition, and human-animal interaction are being monitored. Based on our preliminary results to date (July 2013 -March 2014 corresponding to 20 -44 weeks of hen age), the following observations and conclusions are made.
1) All the houses were generally maintained in the thermoneutral conditions. 2) Overheating of the LED light used in the study is unlikely to occur based on the temperatures measured under the field operational conditions. 3) Production performance of hens in LED and FL houses were similar during 20 -44 weeks of age. 4) LED improved some parameters of egg quality compared to FL, including egg weight, albumen weight, Haugh unit (HU), yolk weight and albumen weight at 27 weeks of age, and shell thickness at 40 weeks of age. Egg weight, yolk weight, yolk percentage and yolk color factor increased as hen age increased. HU of both light type houses were about 90, which are much higher than the threshold of 72 for AA grade eggs. 5) Dust accumulation rates (DAR) were similar between LED and FL houses, implying that the hen activities were not different under the LED and FL environment. 6) Visual scoring and IR imagine show that hens in the LED houses had worse feather condition than the FL hens. 7) The median avoidance distance was similar for hens in both lighting types.
